Two experiments were directed at the comparison between two perspectives on the perception of size achieved by probing the gap between two occluded distal surfaces by means of a hand-held rod. One perspective was the classical size-distance invariance hypothesis developed for the problem of visual size perception with a central role for perceived distance; the other was the hypothesis that the extended haptic perception of gap size is specific to a physical invariant A. of the dynamics of probing. Experiment 1 examined the relation between haptically perceived gap size and haptic ally perceived gap distance. No causal connection between the two was found, and all the variance in perceived size was accounted for by A.. Experiment 2 manipulated the rotational inertia of the probe. Its effect was different for the two perceptions of size and distance, underscoring their independence. The indifference of perceived size to perceived distance was discussed in reference to identifying invariants for both the haptic and the visual perception of size at a distance.
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In research on visual space perception, one of the most common assumptions is that the rules of Euclidean plane geometry that apply to physical objects in physical space also apply to perceived space. Under the most simplifying conditions, expresses the relation between the physical size S of an object at a distance D from some reference point 0, and the angle Q subtended by S at the point O. When applied to the description of psychological events, this equation states that perceived size (S') and perceived distance (D') stand in a unique ratio determined by the visual angle (e) and is known as the size-distance invariance hypothesis (Kilpatrick & Ittelson, 1953) :
The equation summarizes a fact of common observation that ifD' is constant, S' changes directly with the size of visual angle, or if S' is constant, D' changes inversely with e. The hypothesis has usually been tested by holding one of the variables constant and observing the degree ofcovariance of the remaining two. For instance, by manipulating the convergence distance of a focal target while keeping stimulus change minimal (thus, keeping e constant), changes in D' are introduced that are accompanied by changes in S' congruent with Equation 2 (Gogel, Loomis, Newman, & Sharkey, 1985) .
The adequacy of Equation 2 as a description ofthe observed relation between S', D', and e has been questioned since its formulation (see Sedgwick, 1986) . For example, the empirically determined relation between S' and D' for a given e is sometimes opposite from that predicted by Equation 2-an effect referred to as the sizedistance paradox (Gruber, 1954) . Furthermore, the evidence in favor of the size-distance invariance ratio leaves open the possibility of independent determination of S' and D' within the perceptual system, and the link being a result of how the factors of size and distance are entangled in the environment (Hochberg, 1971) . In spite of the contradictions, the assumption of a functional connection between S' and D' has endured. According to cognitive theories of perception (Gogel, 1990; Rock, 1977) , stability and constancy in spatial perception are products ofoperations on coded representations ofphysical extents. The perceptual world is said to be fashioned by percept-percept couplings (e.g., Hochberg, 1974) , or cue heuristics (e.g., Gilden, 1991) , with the links among the percepts often assigned a causal interpretation: "Were we to extract the correlation between the conditioning percept and the focal percept, the partial correletion between proximal stimulus and focal percept would be zero" (Epstein, 1977, p. 169) .
To enhance the explanatory use of Equation 2, modifications in the terms entering the equation have been introduced. The only nonperceptual term in the equation, e, has been replaced bye', perceived angle (McCready, 1985) , but no evidence of the changes in e' necessary to account for the size-distance paradox has been found.
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Registered distance (Rock & Kaufman, 1962) , or effective distance (Baird & Wagner, 1991) , has been proposed as a substitute for perceived distance. Registered or effective distance is defined as perceptual input resulting from distance cues that affect S' but do not necessarily affect D'. Other proposed modifications include known distance as a complementary factor to D', weighted differentially according to perceptual circumstances that determine the observer's response (Gogel & DaSilva, 1987) . Patently, the problem with these hypothesized entities is in empirically establishing their existence (Epstein, 1973 ). Gibson's (1979 Gibson's ( /1986 ) account of size and distance perception stands in contrast to the kind of theory embodied by Equation 2. Epstein (1982) provides a succinct summary of the differences: For Gibson (I) there is no perceptual representation of size correlated with the object's retinal size, (2) S' and D' are independent direct functions of particular optical quantities, and (3) S' and D' are not causally linked nor is S' mediated by operations combining retinal angle and D'. In short, by Gibson's account, the appeal to Equation 2 and to perceptual entities in general is encouraged by incompleteness in the analysis ofthe conditions of stimulation. On the theory of perception as direct, a complete analysis is expected to reveal an invariant property of the structured energy distribution to which S' is related by a singlevalued function. No "epistemic mediators" are needed (Turvey, 1977; Turvey, Shaw, Reed, & Mace, 1981) .
Recent research has demonstrated the ability of human subjects to perceive the size of the separation or gap between two occluded distal surfaces by means of probing with a hand-held rod. In this case of extended haptic perception (Burton, 1993) , the geometric relation expressed by Equation 1 can be readily defined under the conditions of a fixed axis of exploratory rotation (e.g., the wrist) that lies on the bisector of the angle that the gap of a given S at a given D forms with respect to the axis. It is a small step, therefore, to the hypothesis that Equation 2 may apply to the extended haptic perception of size at a distance-that is, that the angular excursion 8 of the hand-with-rod between the two gap edges determines an invariant ratio of the haptic S' and haptic D' (Hanley & Goff, 1974) . Following Gibson's argument, however, one might ask whether there is an alternative hypothesis founded on an invariant of the mechanical energy distribution patterned by the activity of striking the gap. Mechanical analysis reveals a collective parameter Athat connects the muscular forces applied to the probe to the reactive forces impressed on the tissues of the arm (see Barac-Cikoja & Turvey, 1991 , 1993 , for the derivation of A). The measurable quantity Arelates several variables:
where a refers to the angular position of a limb-plusprobe system at the moment of contact and equals 8/2, a and b stand for distances to the center of mass of this SIZE-DISTANCE PERCEPTION 217 system and to the point of contact along the probe, respectively, m is the mass of the system and 1 0 is the rotational inertia of the system with respect to the fixed axis of rotation at O. For a given Sand D and a given limb segment (e.g., hand, forearm) plus probe, Ais an invariant of the rigid body dynamics associated with striking back and forth between surfaces. Thus, at the moment of contact with a gap edge, there is a quantity available to the haptic system that is specific to a complex fact: a particular gap at a particular distance contacted by a particular probe. Ahas been shown to accommodate the following experimental observations: (1) perception of a given S decreases with D, (2) for the same a, different Ss are perceived as different, (3) perception of a given S changes with the inertial characteristics oflimb segment(s) plus probe, and (4) discrimination among a given set of Ss decreases at a specific rate as D increases (BaracCikoja & Turvey, 1991 , 1993 . In brief, the hypothesis that S' is fully constrained by and specific to A can be expressed by rewriting Equation 3 as
The similarity between Equations 4 and 2 is evident. They both have an angular component and a quantity by which it is multiplied to yield S'. Turvey, , 1993 . Two goals of the present research were to establish the relation between S' and D' in the case of haptic perception and to test the causal influence of D' on haptic S'. By extending the reach of the haptic system with a hand-held rod, conditions analogous to those of visual perception were created. Occluded gaps of various sizes were posted at various distances from the observer, who was asked to probe them with the handheld rod. The task for the observer was to discern the size and the distance of the probed gap. The foregoing haptic analogs of visual size and distance perception were used in two experiments to distinguish between Equations 2 and 4 as explanations of S'. To date, comparisons have been made between Equation 4 contribution of the subject's impression of the distal 10-cation of the probed gap.
Method
Subjects. Seven undergraduate students (4 men and 3 women) at the University of Connecticut participated in partial fulfillment of course requirements. They had no previous experience with the task. All subjects were right-handed.
Materials and Apparatus. The experimental arrangement is diagrammed in Figure 1 . The subject was seated in front of a table (width X length = 150 X 200 em) to the left ofa curtain, which extended in the subject's sagittal plane throughout the length of the table and divided it in half. The curtain occluded the subject's right hand and the stimulus apparatus. The stimulus apparatus consisted of a pair of wooden blocks inserted in a base of support that allowed the between-block separation to be adjusted and provided stability during the exploratory striking. The separation between the blocks and their distance from the subject were adjusted by 1 of 2 experimenters. Two response devices, one used to reproduce gap size and one used to reproduce gap distance, were placed in front of the subject. The size-matching apparatus was similar to the stimulus apparatus except for the right block, which was fastened. The left block could be slid within a casing to produce a maximum 50-cm separation between it and the right block. Placed farther to the left was the distance-matching apparatus: a single block mounted on a rail that extended throughout the length ofthe table. The subject moved the block along the rail by pulling the rope attached to it through a system of pulleys. The range of responses permitted by the distance-matching apparatus was 0-200 em. Both response devices were operated within a comfortable reach. Scale markings in centimeters were affixed to the back ofeach apparatus to be visible only to the experimenter who recorded the measurements. Response devices were viewed in a well-illuminated room, on a textured table top, with both eyes and with no restrictions on head movements, to ensure that the measurements of size and distance responses indeed represented haptically perceived magnitudes. Each of the five blocks had thin surfaces (width = 0.5 ern) attached to their frontal side in order to provide sharp edges. The size and distance of the stimulus gap could, therefore, be defined unambiguously, and the responses could be measured precisely. The edges of the explored aperture were padded with a thin foam to reduce substantially the sounds resulting from striking. The probe used in exploration was a 38-g wooden rod (60 em long), with uniform mass distribution.
Procedure. The subject was required to contact the aperture edges with the rod held in the right hand. The rod was placed in the hand by one of the experimenters at 5-cm distance from the wrist. The subject was instructed to hold the rod firmly and keep its position within a hand unchanged throughout the experiment. This was monitored by the experimenter. The right forearm was fastened to a horizontal support that provided a fixed position of the wrist throughout the experiment. At the beginning of each trial, the aperture was centered around the longitudinal axis of the forearm-hand-rod. The instruction stressed that exploratory movements should be performed in the horizontal plane. There were no limitations on the manner and the rate of exploratory movements nor on the time to produce a measurement. The subjects used the left hand to give responses. They were instructed to form an aperture ofthe same size as the one felt by adjusting the position of the left block in the size apparatus. In order to match perceived distance, the subjects were asked to place the response block in the same plane with the explored aperture. The subjects were informed that the wrist was aligned with the edge of the table and that it served as the common reference point for the measurement of stimulus and response distances. Initial position of the two manipulated response blocks could be at either extreme and was randomized across trials. On each trial, the subject was called to make either size or distance response first. Two trials (with size/distance conditions not used in the experiment) served for a demonstration of the task. There was no feedback information.
Design. Three aperture sizes (5, 10, or 15 em) appeared at three distances (25, 45, or 65 em measured from the wrist). On each trial, the subj ect's task was to match both the size and the distance ofthe aperture. Each size/distance combination was repeated four times, with a size response preceding a distance response on half ofthe trials. All 36 trials were individually randomized, as was the order in which size and distance reports were made. The experimental session lasted less than 1 h.
Results and Discussion
Perceived size and distance values averaged across trials and subjects for each of the size/distance conditions are presented in Table 1 . As expected, the subjects were capable of discriminating apertures of different sizes. They also clearly distinguished three aperture distances. Further inspection of Table 1 reveals that perceived size steadily decreased with increased distance, while perceived distance appears not to have been affected by aperture size. Tworepeated-measures analysis of variance (ANOVAs), for each task separately, were conducted on the individual subject data. The ANOVA on size responses showed significant main effects of size [F(2,12) = 50.39, P < .0001] and distance [F(2,12) = 31.47,p< .0001], as well as their interaction [F(4,24) = 7.l0,p < .001]. The interaction reveals that apertures of The preceding comparisons substantiate the claim that evoking perceptual entities in explanations of S' is necessitated by incompleteness of the stimulus analysis. A percept-percept coupling hypothesis rests on the assumption that the proximal stimulus in size perception is given by the angle that some linear extent in space determines relative to the nodal point occupied by receptors. This limited stimulus has to be supplemented with D'. However, according to Gibson's (1979 Gibson's ( /1986 ) direct perception hypothesis, concurrent percepts lose their causal role when a description of existing information is sufficiently rich. Analysis of partial correlations was conducted in order to further illuminate this distinction.
With one independent variable (IV) and two dependent variables (D' and S'), five causal relations, or models, are possible (Oyama, 1977) : (1) changes in D' and S' result from the joint causal effect of IV (i.e., the two percepts are independent covariants of IV), (2) IVoperates on S' through the change in D', therefore S' is directly caused by D', or (3) there is the same chain ofcausation, except that S' precedes D', (4) IV influences S' directly, but also indirectly, via D', thus S' is in direct causal relation with both variables, or (5) there is the same triangular causal arrangement, except that IV and S' determine D'. Analysis of partial correlations allows for separation of"true" from "spurious" correlation, and consequently, elimination of the inadequate causal models (Blalock, 1962) Neither the effect of size [F(2,12) < 1] nor the size X distance interaction [F(4,24) < 1] was significant.
Three linear regressions of S' averaged across trials and subjects were conducted: on the product of mean D' and 2sina (i.e., on S' as predicted by the size-distance invariance hypothesis), on the product of D and 2sina (i.e., on S), and on the parameter A. Less than 85% ofthe total variability in S' was accounted for by D' X 2sina ( that is, the requirements of Model 2, where A is the mediating variable between IV and S', should apply. In compliance with the model, the correlation between S' and each ofthe geometric variables was nullified by partialing out the effect of A [r(S'SA) = -.003; r(S'DA) = .00; r(S'sinaA) = .07]. None was affected, though, by partialing out the effect of D'. These findings imply that the relation between environmental layout, as represented by S, D, and sina, and S' is not mediated by the other haptic percept, but is constrained by the invariant of the probing dynamics. Finally, when all manipulated variables that may affect the two percepts were partialed out, the correlation between S' and D' did not significantly dif- In Experiment 2, two rods of different rotational inertia l rod were used in aperture exploration. The objectives were (1) to establish the effect ofthis manipulation on S' and D' when both are reported for a given aperture on the same trial and (2) to probe further the role of D' on S' through the dependence of each on l rod • Method Subjects. Seven undergraduate students (4 women and 3 men) at the University of Connecticut participated in partial fulfillment of course requirements. None of them had participated in similar experiments before. One man was left-handed.
Materials and Apparatus. The materials and apparatus were the same as in Experiment I, with the exception of the rod that was used in probing the apertures. A wooden rod (60 em in length and 1.2 em in diameter) was weighted with a cylindrical piece of lead (9 em in length, I em in diameter) inserted into a hole drilled in its one end. The mass of this rod was 76 g, and its moment of inertia changed depending on the position of the weighted end with respect to the axis of rotation. When the end of the rod with the inserted lead piece was held in the hand (i.e., closer to the changes in S. Manipulation of f rod did not affect S', but it did affect D': D' was greater for the larger f rod in agreement with previous research on probing to perceive distance (Carello, Fitzpatrick, & Turvey, 1992; Chan & Turvey, 1991) . Although the effect of f rod on S' was not statistically significant, the direction of the difference was consistent with A. and with previous research on probing to perceive S (Barac-Cikoja & Turvey, , 1993 : S' was numerically greater for the smaller frod' Simple regression of S' on the product ofD' X 2sina resulted in r 2 = .82 (see Figure 4, top) . The same analysis with A. as the independent variable resulted in r 2 = .98 (see Figure 4 , bottom). Inspection of Figure 4 (bottom) indicates a subtle role of f rod in affecting S'. It should be noted here that the effects of f rod manipulation on A. are countered by the concomitant changes in a and m and are rather fine as shown in Table 3 .
Finally, the partial correlation analysis confirmed the findings of Experiment 1. While the correlation between S' and D' was significant when the angle was held constant Note-D and S values are given in centimeters.
axis), moment of inertia of the rod about the axis at the wrist was 84.1 kg cm-. Placing the unweighted end of the rod in the hand yielded a moment of inertia about the axis at the wrist of 222.5 kg cm-, Procedure. On each trial, the rod was placed in the subject's hand with its weighted end either proximal or distal to the wrist.
In all other details, the procedure was the same as in Experiment I.
Design. Apertures of three sizes (5, 10, or 15 em) appeared at three distances (25, 45, or 65 em, measured from the axis at the wrist). Nine aperture size/distance configurations were explored with both rods. Each subject was presented all size/distance/rod conditions four times in an individually randomized order. The experimental session lasted about I h.
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GENERAL DISCUSSION
Experiments 1 and 2 were directed at the relation between the extended haptic perceptions of specific dimensions of environmental layout-namely, the Sand D of apertures. Both experiments revealed a haptic capability to discriminate reliably among occluded gap sizes (in agreement with Barac-Cikoja & Turvey, 1991 , 1993 and gap distances (in agreement with Carello et aI., 1992; Chan & Turvey, 1991) when the gaps were contacted with a hand-held rod. In both experiments, it was shown that S' changed with changes in both Sand D, whereas D' was unaffected by changes in S. Previous studies (Barac-Cikoja & Turvey, 1991 , 1993 demonstrated a complex dependence of S' on inertial characteristics (frod' m, a) of the probe used in exploration of the surface layout, which was only hinted in the results of Experiment 2. Separate, significant effects of inertial characteristics ofthe probe on D' were demonstrated on the pooled data from the two experiments.
Traditionally, the relation between visually perceived size and distance has been expressed in terms of the size-distance invariance hypothesis, Equation 2. Consistent with Equation 2, the present research confirms that in extended haptic perception, D' predicts S' better than does D. But it also shows that the haptic equivalent of Equation 2 leaves a significant part of the variance in S' unaccounted for. When the analysis of the conditions ofstimulation is conducted in terms of kinetic variables, as expressed in the alternative Ahypothesis, no room for a contribution ofD' was left in either experiment. Thus, the advantage of D' over D in predicting S' seems to be rooted in the informational basis shared by the two percepts that allows D' to stand in for information more adequately expressed by A.
Further analyses were provided to compare the causal interpretation of percept-percept coupling-an important corollary of the size-distance invariance hypothesis-and the A hypothesis, as two contrasting interpretations of the basis for S'. A causal role of D' seems to be implied only when the haptic angle is assumed to be the entirety of the haptic input; in the context of the kinetic variables comprising A, the causal role expected from percept-percept coupling was never confirmed.
By way of a final summarizing remark on the present data, we note that changes in visual S' that contradict what Equation 2 predicts on the basis of measured D' have sometimes been attributed to changes in "registered D." The main problem with this strategy, as remarked in the introduction, is operationalizing "regis- Table 2 . D' tended to increasingly underestimate D as D assumed larger values, an observation that characterized data from Experiment 1 as well. To highlight the contrast between D' and 8 (the quantity that was shown to affect S'), D' and 8 are presented in Figure 5 as a function off rod in Experiments 1 and 2. The three curves Furthermore, because K2/a is the distance p of the center of percussion from the rotation point 0, the expression for 8 can be written even more simply as tered D." As a quantity that is related to D that affects S' but not through the changes in D', 8provides the appropriate operational definition in the present haptic case. It must be underscored, however, that 8 is solely a description of haptic stimulation available in the situation ofprobing a gap and is completely independent ofa perceiver's cognition and processing capabilities.
Research on haptic size-at-a-distance perception may have important implications for the more traditional problem of visual size-at-a-distance perception. Let us return to the bracketed part of Equation 3 symbolized by 8. Because 1= mK2, where K is the radius of gyration, 8 can be rewritten as What Equation 6 brings out is the fact that 8 is a configuration of different kinds of distances from O-name1y, to center of mass (a), to point of contact (b), and to center of percussion (p) (Barac-Cikoja & Turvey, 1993) . These "points" define the constant geometric structure of the probing. During rotational probing about a fixed point 0, these distances remain invariant. Collectively, as the single quantity 8,they scale the angle through which the probe moves (specifically, the component ofthe contact force associated with a given angular displacement). It can be seen from Equation 6 and 4 that ifp equals b/2, then perceived size would be completely determined by sina. This would be analogous to the "law of retinal size," meaning a complete absence of size constancy under the perceptual conditions of dynamic touch.
In vision research, failures of size constancy have led to hypotheses of inferential biases established either through experience or through evolution (e.g., Gilinsky, 1955) . In Experiments 1 and 2, failure of haptic size constancy was tied directly to observables within the experiments-namely, 8 and b. In previous research, variations in the rate at which S' changes with S were predicted by the partial derivative of A, with respect to S-a quantity composed solely from the observables a, b, and p (Barac-Cikoja & Turvey, 1993) . Given a hypothesis of information-perception specificity (e.g., Barac-Cikoja & Turvey, 1991 , 1993 Gibson, 1979 Gibson, /1986 , it is expected that failures of visual size constancy and variations in the actual size derivatives of perceived size are similarly explainable. In Equations 1 and 2, there is only D (corresponding to the quantity b in the haptic equations) and D', respectively, to scale angle. These measures alone quantify "surface layout." Using Equation 4 in conjunction with Equation 6 as the haptic model, it is reasonable to assume that neither D nor D' are sufficient to capture the invariant geometry underlying the visual inspection (by mobile eyes in a mobile head) of an object of a given S at a fixed D from the observer. In short, Equations 1 
